The myeloproliferative neoplasm of myelofibrosis (MF) is clinically constituted by individuals both with primary MF, as well as those that evolved from an antecedent polycythemia vera or essential thrombocythemia. Individuals presenting with MF have a heterogeneous phenotype which can involve significant constitutional symptoms (night sweats, fevers, weight loss, fatigue, variable but frequently problematic splenomegaly, and multifactorial cytopenias). These individuals clearly have decreased survival. Refinement of MF prognostic scores can distinguish from survival as poor as 16 months, to a median survival of 185 months. Sadly, although curative, allogeneic stem cell transplant still has sobering success rates for individuals of the standard ages for MF. Recent reports suggest less than half of patients will be alive at 3 years after allotransplant above the age of 60 years. The most important recent advancement in MF therapy has been the development of Janus kinase 2 (JAK2) inhibitors led by ruxolitinib, now Food and Drug Administration approved in the United States, and several other JAK2 inhibitors (in testing) including SAR302503, CYT387, and SB1518. In randomized, placebo-controlled studies, ruxolitinib was demonstrated to be superior for the improvement of splenomegaly and symptoms. These benefits are mirrored across other JAK2 inhibitors. Improving anemia remains an unmet need in MF and is currently being evaluated by clinical trials utilizing the JAK2 inhibitor CYT387, as well as pomalidomide. Additional areas of interest for MF therapy include the inhibition of histone/lysine deacetylases, hedgehog pathway inhibition, as well as combination strategies with JAK2 inhibitors.
Introduction to myeloproliferative diseases
The myeloproliferative neoplasms (MPNs) are a group of clonal hematological disorders that are characterized by terminal myeloid cell expansion in the peripheral blood. According to the 2008 World Health Organization (WHO) Classification System, MPNs are divided into "classic" and "atypical" MPNs with further subdivision into Philadelphia chromosome ( [9;22] chromosomal translocation resulting in the BCR-ABL1 fusion protein)-positive and -negative MPNs. The latter are comprised of polycythemia vera (PV), essential thrombocythemia (ET), and primary myelofibrosis (MF). 1 The first description of MPNs as a unified concept of diseases was proposed by William Dameshek in 1951, based on clinical and bone marrow similarities of the three entities -PV, ET, and primary MF. 2 For many years it was known that MPNs are hypersensitive to hematopoietic growth factors and show cytokine-independent colony growth. [3] [4] [5] [6] A breakthrough into the pathogenesis of MPNs was reported in 2005 with the discovery of the JAK2V617F mutation, occurring to varying frequencies, in all three disease entities. [7] [8] [9] [10] This gain-of-function mutation in Janus kinase 2 (JAK2; a key component of cell growth and differentiation in the JAKsignal transducers and activators of transcription [STAT] pathway) results in constitutive activation of the pathway. 11, 12 Since its discovery, several additional genetic mutations with potential pathogenic implications have been described. [13] [14] [15] [16] However, the initial molecular genetic event leading to clonal transformation has not been determined. 17, 18 Clinically, it is important to distinguish PV and ET from primary MF. In PV and ET, vascular/thromboembolic events are responsible for most of the disease-associated symptoms followed by constitutional symptoms, eg, pruritus. 19, 20 There is a long-term risk of progressing into a post-PV/ET MF state resembling primary MF and further progression into a blast phase MPN. 21, 22 Primary MF mostly arises de novo and has a more rapid course with bone marrow fibrosis and extramedullary hematopoiesis with progressive splenomegaly, cytopenias (often anemia), and burdensome constitutional symptoms, as well as the occurrence of vascular/thromboembolic events. 19 Patients are at higher risk of transformation into acute leukemia. 21, 22 Current available therapies have rarely been able to impact the natural history of primary MF beyond palliating symptoms or decreasing the risk of vascular events. This article will focus on recent insights and clinical treatment advances for primary MF and post-PV/ET MF patients.
MF: epidemiology and etiology

Epidemiology of primary MF
Primary MF is a rare disease and the least common of the MPNs, with an incidence of around 1.5 per 100,000 per year in one study for the United States. 23 This incidence figure is higher than those reported from other regions, likely based on the demographic distribution (eg, the Olmsted County, MN population may have an older age demographic). Disease onset of primary MF occurs with a median age at presentation of 67 years. 23 Few patients are diagnosed at a younger age, with 5% and 17% of patients before the age of 40 years and 50 years, respectively. 24 Familial cases have rarely been reported. 25 
Etiology and pathogenesis of primary MF/MF
The discovery of constitutively active JAK2 mutations has brought enormous opportunities for a better understanding of primary MF and MPNs, as well as for new treatment options. [7] [8] [9] [10] JAK2 is a nonreceptor tyrosine kinase and has a critical role in intracellular signaling of extracellular stimuli from hematopoietic and other cytokine receptors. The dominant JAK2 gain-of-function mutation acquired via a guanine to tyrosine conversion in nucleotide 1849 results in the substitution of valine for phenylalanine. Disruptions within the pseudokinase domain produce a persistently activated intracellular receptor molecule. 26, 27 As a consequence, cells harboring the JAK2V617F mutation develop cytokineindependent growth capabilities and/or increased cytokine responsiveness. 5, 28 The canonical downstream effectors of JAK2 are STAT proteins, preferentially STAT3 and STAT5. 29 The STATs are hierarchical regulators mediating transcriptional programs controlling proliferation and differentiation of hematopoietic progenitor cell lineages including erythrocytes, thrombocytes, leukocytes, and monocytes.
Other mutations stimulating the JAK-STAT pathway have been described including JAK2 exon 12, MPL exon 10, and LNK (SH2B3) exon 2 mutations, which are less prevalent in BCR-ABL-negative MPNs. 15, [30] [31] [32] It should be mentioned that these mutations, including JAK2V617F, are likely not the earliest transforming molecular events initiating the disease but, rather, early secondary events necessary for proliferation in the pathogenesis of primary MF and MPN cells. 33 In regards to the prognostic value of JAK2 and other mutations, the overall contribution of the JAK2V617F mutation to the clinical outcome in primary MF is only starting to become delineated, despite a substantial number of scientific publications. 34 Interestingly, the presence or absence of the JAK2V617F mutation by itself does not appear to be prognostic for leukemic evolution, although some studies report conflicting results. JAK2-positive PV and ET with higher allele burden may have a higher rate of disease progression to advanced stages within the PV, ET, and primary MF phenotypes. [35] [36] [37] [38] However, the data regarding progression to acute myeloid leukemia is still somewhat controversial in regards to homozygosity, heterozygosity, and level of allele burden. For example, one study found that patients harboring JAK2V617F-positive disease that were in the lowest quartile of JAK2 allele burden fared worse in regards to overall and leukemia-free survival; granted, this lowest quartile was represented by 19 patients. 39 A second study described a similar finding that JAK2V617F positivity did not impact on leukemic transformation; however, survival was significantly reduced in the lower quartile JAK2-mutated primary MF patient group compared with upper quartiles and JAK2 wild-type patients. 40 The rate of submit your manuscript | www.dovepress.com
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Tibes et al leukemic transformation in the latter study did not increase. The authors argue that either the treatment intervention, the purer granulocyte fraction, or the various assays used across studies are variables that may explain different findings of JAK2 allele burden or zygosity state on outcome. The reasons are yet to be fully elucidated, and speculations at this time evolve around JAK2V617F-negative clones with a more aggressive phenotype. MPL mutations in primary MF are associated with female gender, older age, and a more severe phenotype manifested as a lower hemoglobin level and a higher likelihood of becoming transfusion-dependent. 15, 41 Currently, risk stratification therapy is largely based on clinical parameters and disease evolution, which will be discussed in more detail below. The karyotype/cytogenetic risk profile is built into the Dynamic International Prognostic Scoring System (DIPSS) 42 and DIPSS-Plus 43 scores discussed below.
JAK-STAT downstream and nuclear function
In addition to the cytoplasmic roles of JAK2 in mediating signaling cascades as described above, a significant proportion of JAK2 has been observed in the nuclei of hematopoietic cells. Nuclear JAK2 was shown to phosphorylate histone H3 at tyrosine residue 41 residing in a region of histone H3 known to bind heterochromatin protein 1α (HP1α). Phosphorylated histone H3 at tyrosine residue 41 excludes HP1α from chromatin, which is thought to regulate chromatin architecture around specific gene promoter regions. 44 Several genes lacking canonical STAT5-binding sites were shown to be downregulated in response to JAK2 inhibitors, showing that additional activities outside of the canonical JAK-STAT pathway can be affected with JAK2 inhibition. One such gene, Lmo2, known to be involved in hematopoiesis, was demonstrated to have reciprocal HP1α binding and histone H3 phosphorylation at tyrosine residue 41 in the promoter region. Another paper expanded on these findings and demonstrated that JAK2 inhibition reduced levels of Nanog, a pluripotency stem cell regulator, by affecting the Nanog promoter through increased HP1α binding. Thus, JAK2 and aberrant JAK-STAT signaling affects chromatin modification and genes important in embryonic stem cell self-renewal. 45 
Pathogenesis of fibrosis
The formation of MF ultimately results from the excess deposition of extracellular matrix components that progressively remodel and destroy normal bone marrow architecture. Production of extracellular matrix components by myofibroblasts is mediated by different cell types that sustain the production of growth factors, proteolytic enzymes, angiogenic factors, and fibrogenic cytokines. Infiltrating lymphocytes, activated monocytes, 46 and megakaryocytes 47, 48 have been implemented in these processes. Remissions observed after hematopoietic stem cell transplantation suggest that genetic aberrations in hematopoietic stem cells are central to the pathogenesis of primary MF. 49 Cellular and extracellular levels of fibrogenic and angiogenic growth factors are altered in primary MF patients, while the proliferation of myofibroblasts is thought to be polyclonal, thus the bone marrow stromal reaction is thought to be secondary to the production of cytokines. JAK2 mediates cytoplasmic signaling from diverse cytokine receptors. To date, however, reversal of fibrosis by JAK2 inhibitors has not been demonstrated as will be discussed below, although early data is emerging that some of the novel inhibitors may be able to reduce fibrosis.
Primary MF is defined by an increase in bone marrow fiber content, characterized by an increased synthesis and deposition of collagen, 47 and an increased deposition and synthesis of interstitial and basement proteins such as fibronectin, laminin, tenascin, and vitronectin in advanced primary MF. Neovascularization is also a predominant feature of fibrotic bone marrow. 50 Several cell types have been implemented in the production of fibrogenic cytokines in primary MF, including infiltrating lymphocytes, megakaryocytes, and activated monocytes, including growth factors such as platelet-derived growth factor, basic fibroblast growth factor, erythroid differentiation factor, transforming growth factor-β, vascular endothelial growth factor, and platelet factor-4 derived from these cells.
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Symptomology and natural history Clinical and laboratory presentation
Patients most commonly present with fatigue and other constitutional symptoms such as fever, chills, night sweats, and weight loss. 19, 52, 53 Many patients have splenomegaly, often palpable several centimeters below the left costal margin, at times extending into the left pelvis and even crossing the midline. Hepatomegaly is found as well. 54, 55 Both result from extramedullary hematopoiesis, a characteristic finding in both primary and secondary MF. 23, 53 Extramedullary hematopoiesis in the spleen and other organs is less effective and hence patients often suffer from cytopenias. Extramedullary hematopoiesis rarely occurs in other pleural-, pericardial-, or abdominal-based organs; it can involve the gastrointestinal and genitourinary tracts, the lungs, or even the central nervous system, leading to neurological deficits. 56 The incidence of arterial and venous thromboembolic complications is similar in ET and primary MF (both around two in 100 patient-years), and somewhat less in PV. 56 About 10%-13% of primary MF patients have had thrombotic events in one large series. 57 Often, these may be precipitated by common exogenous risk factors for thrombosis (eg, surgery, access/catheter, hormonal therapy) in #71% of cases as reported in one study. 57 Although vascular and thromboembolic complications are more frequent in primary MF than PV, they constitute a main disease burden in PV and ET, whereas in primary MF concurrent constitutional symptoms rival vascular complications. Portal vein thrombosis is a feared complication in primary MF and may be a presenting symptom. 58, 59 Involvement of the skin or pulmonary hypertension is rare, but can occur. [60] [61] [62] Apart from reticulin and collagen fibrosis of the marrow, other bone complications include osteosclerosis, described in up to 80% of patients, 63 periostitis, and secondary gout with hyperleukocytosis -all of which can cause severe bone and joint pain.
Many of the symptoms of primary MF patients are due to a hypercatabolic state, complaints from hepatosplenomegaly, ie, abdominal fullness/pain, as well as progressive cytopenias, especially anemia. Over time, marrow fibrosis eventually becomes more pronounced, extramedullary hematopoiesis increases as do associated constitutional symptoms, 19, 53, 64 and the risk of leukemic (blastic) transformation and advanced disease stages increases. 22 The true incidence of leukemic transformation of primary MF is challenging to assess, some published series report ∼3%-5% of patients, 65 while others state the incidence to be as high as 15%-20% or up to 31% of primary MF patients transforming to leukemic phase over their disease course. 66, 67 The presenting symptoms and signs for post-ET/PV MF are fairly similar to those in primary MF.
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Diagnostics
Diagnostic approach
Presentations initially can be nonspecific with constitutional symptoms; however, with additional symptoms and signs such as splenomegaly or hepatomegaly, anemia, and leukocytosis and/or thrombocytosis, the clinical suspected diagnosis of an MPN/primary MF is often made and work-up initiated. Patients can also present with cytopenias, (eg, leukopenia and thrombocytopenia), especially in the more advanced disease stages. A peripheral smear typically shows a leukoerythroblastic picture with nucleated erythrocytes and granulocyte precursors (myelocytes, metamyelocytes, and blasts) and teardrop-shaped red blood cells from myelophthisis (replacement of normal marrow elements by fibrosis). Confirmation of the diagnosis incorporates the WHO criteria for primary MF. These require all three major criteria, which are a combination of the presence of megakaryocyte proliferation and atypia, accompanied by reticulin and/or collagen fibrosis; exclusion of other WHO-defined MPNs or myeloid neoplasm (eg, ET, PV, chronic myeloid leukemia, and myelodysplastic syndrome) and demonstration of clonality (eg, JAK2617VF or MPL515WL/K). In addition to these three criteria, two of four minor criteria -namely, leukoerythroblastosis, palpable splenomegaly, anemia, and increased serum lactate dehydrogenase level -should be present. 68 Bone marrow aspiration in primary MF often yields little specimens ("dry tap") and a biopsy is required to show reticulin (silver-based staining) and collagen fibrosis (Masson's trichrome stain), which can often be extensive. 63 Bone marrow sinusoids are expanded so that intravascular hematopoiesis and osteosclerosis can be seen. Neutrophilic and megakaryocytic hyperplasia, macromegakaryocytes, and occasionally atypical megakaryocytes as well as increased numbers of erythroid precursors may be observed. Rarely a hypercellular marrow pathology with little fibrosis is encountered. Magnetic resonance imaging or isotopic marrow imaging can be employed, 69 but is rarely used by the authors' group. Fibrosis is more commonly found with certain molecular aberrations including the JAK2V617F mutation, 13q deletion, and trisomy 9. 70 The discovery of JAK2V617F and other common mutations found in MPNs has transformed the diagnostic approach in MPNs. Now, one of the f irst tests after considering a diagnosis of primary MF is testing for the JAKV617F mutation, which can be found in .95% of PV and 40%-60% of ET and primary MF patients depending on the study. 7, 8, 10, 71 If JAK2V617F is negative, testing for MPL mutations can be performed, 20 which are present in up to ∼5%-10% of primary MF patients; 15, 31 this can confirm clonality and diagnosis of primary MF in the appropriate clinical setting. If no mutation is found, the diagnosis of primary MF is made on clinical grounds alone.
To establish the diagnosis of post-ET/PV MF, the International Working Group for MF Research and Treatment proposed a classification that includes a combination of several major and/or minor criteria. These include documentation of a previous diagnosis of either PV leukoerythroblastic blood picture, increasing degree of splenomegaly, development of constitutional symptoms (ie, weight loss, night sweats, unexplained fever), and increased lactate dehydrogenase level (for post-ET MF only). 72 The first two (previous ET or PV and increased marrow fibrosis) are major criteria and are both required. In addition, two of the five minor findings need to be present.
Several risk stratification scores have been developed -the most recent and widely used are DIPSS 42 and DIPSS-Plus. 43 For both DIPSS and DIPSS-Plus, points are assigned based on age .65 years, hemoglobin ,10 g/dL, leukocyte count .25 × 10 9 /L, circulating blasts .1%, and presence of constitutional symptoms. An overall score predicts progression and survival and can direct choice of therapy. The DIPSS-Plus score was expanded to include the previous five criteria with the addition of platelets ,100 × 10 9 /L, red blood cell transfusions, and unfavorable karyotype. 43 DIPSS-Plus can be used at baseline and over time to assess risk of progression. Survival ranges from ∼16 months in high-risk primary MF patients to ∼185 months in lowrisk primary MF patients depending on DIPSS score (Table 1) . 42, 43 Treatments: current and experimental
Most therapies for primary MF and post-PV/ET MF are not disease-modifying but, rather, focus on targeting symptoms including splenomegaly and hepatomegaly, cytopenias, and constitutional symptoms. Delay in progression to blast phase (leukemic phase) is a primary treatment goal and allogeneic hematopoietic stem cell transplantation is the only known cure. However, this approach is only applicable to a minority of patients.
Interpreting the literature and the differences in the "true" response rates of the different studies for the various agents is somewhat problematic as primary MF spans a range of phenotypic presentations, and studies are often small with different study and response evaluation criteria.
Low-risk primary MF patients (DIPSS or DIPSS-Plus) are often followed by observation only. Erythropoiesis stimulating agents can be effective in earlier stage disease in nontransfusion-dependent patients. 73 Clinically significant anemia (ie, hemoglobin ,10 g/dL) is present in up to 54% of patients and has been treated with a variety of agents including the immunomodulatory drugs (IMIDs) thalidomide, lenalidomide, and pomalidomide, as well as prednisone and androgens (eg, danazol).
As mentioned, anemia represents the main clinical issue in patients with primary MF and many patients become transfusion-dependent. After treatable causes (eg, iron, folic acid, or vitamin B12 deficiency and autoimmune hemolytic anemia) are ruled out, androgen therapy is often considered one of the first-line treatment interventions. The efficacy of testosterone against anemia was demonstrated in the 1960s, 74, 75 probably by stimulating bone marrow function. Only a few small studies with different androgens (eg, nandrolone, fluoxymesterolone, methandrostenolone, and oxymetholone) are available with overall anemia response rates generally in the range of ∼30%-60%, with an abnormal karyotype and severely compromised hematopoiesis being associated with a lower chance of response. [76] [77] [78] Deeper responses are less common, probably ∼10%-20% of patients. Responses are often short-lived, although some patients respond for several years. 79 Some newer studies with danazol achieved responses of 57%; 80 however, no direct comparison of the various androgens has been performed.
The drug class of immunomodulatory agents -namely, thalidomide, lenalidomide, and pomalidomide -has been studied more extensively in primary MF (Table 2) . Single agent lenalidomide yielded response rates of 22% for anemia, 33% for splenomegaly, and 50% for thrombocytopenia, respectively. 81 In a trial of 40 MF patients treated with lenalidomide (10 mg/day for 21 days out of a 28-day cycle) in combination with prednisone starting at 30 mg/day in the first cycle, 30% of patients had anemia and 42% had a spleen response at a median follow-up of 22 months. 82 The median time to response was 12 weeks and was lasting in 25% of patients at publication. 82 According to the International Working Group for MF Research and Treatment consensus criteria, three (7.5%) partial responses were observed, in addition to decreased levels of reticulin fibrosis and JAK2V617F. 82 Grade 3-4 hematologic adverse events were neutropenia (58%), anemia (42%), and thrombocytopenia (13%). Results were not quite as good in a multicenter cooperative group study with 19% achieving anemia and only 10% with spleen response. 83 Resolution of disease-related fibrosis or angiogenesis was not observed in that study. 83 Rarely, MPN/primary MF patients harbor isolated chromosome 5q deletions, and these patients are explicitly sensitive to lenalidomide 84 and should be treated with lenalidomide as first-line therapy if intervention is required. An underlying myelodysplastic syndrome in these patients should be carefully excluded.
Thalidomide is effective in MF/primary MF as well, with 56% of patients having a clinical benefit. 85 Overall, anemia was improved in 42%, thrombocytopenia in 77%, and splenomegaly in 17%. 85 Low-dose thalidomide (50 mg daily) combined with prednisone was better tolerated and more efficacious than the initial higher doses of 200 mg/day thalidomide. Treatment response was not affected by the baseline status of bone marrow fibrosis or other parameters (eg, angiogenesis, osteosclerosis, cytogenetics, or circulating CD34+ myeloid progenitor cells). In another study with thalidomide, 10% of patients each had a partial and complete remission. 86 Improvements in anemia, thrombocytopenia, and/or splenomegaly were observed in nine patients (21%). Five of 24 patients (21%) became transfusion-independent and regression of splenomegaly was noted in nine of 29 evaluable patients (31%), with five patients experiencing a complete regression. 86 Side effects were typical for thalidomide including fatigue (50%), constipation (48%), rash or pruritus (37%), sedation (35%), peripheral edema (29%), tremors (23%), peripheral neuropathy (22%), and orthostasis (16%). 86 In both studies, thalidomide led to unexpected hyperproliferation (eg, reversible leukocytosis and/or thrombocytosis) in some patients, a side effect that can be seen with all IMIDs. In contrast to lenalidomide, which has some activity reducing splenomegaly, durable treatment responses with thalidomide were mostly documented for anemia and thrombocytopenia, whereas splenomegaly was not reduced in the majority of patients. Several other trials have been published showing similar response rates to thalidomide, 87 depending on response evaluation criteria and patient population.
Three studies assessed the activity of the experimental IMID pomalidomide at varying dosages (0.5-3.5 mg/day) with or without prednisone. As a general tendency, pomalidomide was more active at lower dosages (0.5 mg/day) and in combination with prednisone, with up to 36% anemia responses. 88 Median response duration in responding patients was 7.8 months (range 3.2-16.9 months). Hyperleukocytosis or splenomegaly .10 cm correlated with lower response rates. Improvement of thrombocytopenia was seen in 43% of patients. Bone marrow histology or JAK2V617F allele burden were unaffected by the treatment. Severe grade 3-4 adverse events were infrequent, consisting of neutropenia (8%), thrombocytopenia (11%), pneumonia/sepsis (11%), and venous thrombosis (4%). Drug-induced eosinophilia, basophilia, and even marked thrombocytosis were attributed to the treatment. A third (published) study showed similar response rates with an overall anemia response of 27%. 89 These were higher (53%) in JAK2V617F-positive patients and in those where splenomegaly measured ,10 cm and circulating blasts were ,5%. 89 In contrast, no responses were observed in JAK2V617F mutation-negative patients that also had splenomegaly $10 cm or $5% circulating blasts. Consistent with these "preclinical" markers, splenomegaly was not affected in most patients. Discontinuation rate reported by these authors was high. 89 The incidence of neuropathy was low. Risk adapted survival was not improved in patients not receiving pomalidomide. However, MF/ primary MF patients are complex in their disease presentation and evolution, and a randomized, multicenter trial is ongoing. The second published study of higher doses (#3.5 mg/day) showed poor tolerance; however, at reduced doses of 0.5 mg/day, excellent responses, mainly anemia, were seen. 90 Therefore, pomalidomide is most efficacious at lower doses of 0.5 mg, possibly also in combination with prednisone, and targets mostly anemia. For all IMIDs, especially thalidomide, thromboembolic events occur at greater frequency, thus prophylaxis (eg, aspirin) needs to be considered if medically feasible.
Constitutional symptoms including fever, fatigue, bone pain, and night sweats have historically been resistant to most conventional therapeutic options. However, JAK2 inhibitors show a remarkable clinical improvement and will be discussed in more detail below.
The only curative opportunity available, hematopoietic stem cell transplant, is often restricted to a small percentage of patients due to toxicity; 91, 92 timing of the transplant is also important, as discussed below.
Therapy for high or intermediate-2 risk primary MF patients according to the DIPSS and DIPSS-Plus depends on clinical symptoms. For anemia, androgens (eg, danazol) or steroids (prednisone) may be given as has been discussed for lower risk primary MF in the above section. The IMIDs lenalidomide and thalidomide as well as pomalidomide can be used in the advanced setting as well, and lenalidomide in particular has a higher chance of reducing splenomegaly than thalidomide. A drug that works well against splenomegaly is hydroxyurea and ∼40%-50% of patients achieve a good response, 93, 94 although dose and effectiveness may be limited by side effects of hydroxyurea (eg, myelosuppression and skin ulcers). Splenectomy and splenic/hepatic radiation has found limited utility in the past given the morbidity associated with postoperative complications; nevertheless, surgical splenectomy is an option that can occasionally be effective. 94 The authors' Mayo Clinic experience has demonstrated that the surgical removal of the spleen does not compromise hematopoiesis. 94 Indeed, removal of a massive spleen which acts as a sequestering reservoir for circulating erythrocytes, platelets, and leukocytes generally leads, postoperatively, to an increase in all three lineages in the circulation, sometime necessitating cytoreductive therapy. In fact, splenectomy is used on several of the authors' patients each year with good outcome. Preferably, splenectomies should be performed in a tertiary center with surgeons experienced with these patients and, in the authors' experience, the perioperative morbidity and mortality is negligible (Mesa and Tibes, personal observation).
Lastly, to control counts and splenomegaly, cytotoxics such as busulfan, pipobroman, chlorambucil, or radioactive phosphorous are effective in lowering counts, and these agents are suitable options especially for elderly patients. 94 Interferon (IFN) has activity in PV and ET; however, for patients with advanced primary MF/MF, several studies have shown that IFN is poorly tolerated at higher doses for these advanced patients, mainly due to cytopenias. 95 However, in recent reports, pegylated IFNα-2a and lower doses of standard IFN-α in 17 patients with low-risk or intermediaterisk primary MF showed two complete responses, seven partial responses, and five patients with stable disease or clinical benefit, for an overall clinical benefit rate of 80%. Improvement in marrow pathology was observed in four patients and toxicity was acceptable. 95 In a retrospective analysis, somewhat lower but still encouraging results were observed, 96 suggesting that low-dose standard IFN or pegylated IFNα-2a may be effective, especially in the proliferative/hypercellular phase of primary MF.
Leukemic transformation of primary MF/MF
After many years, a fraction of patients with primary MF (∼5%-10% at 10 years), 21 in some reports up to 31% (see above), progress to more aggressive stages of MPN including blast phase MPN, resembling acute myeloid leukemia. Patients present with decreased intramedullary hematopoiesis with worsening cytopenias and constitutional symptoms. The molecular events leading to leukemic transformation have not been well characterized and several mutations occur at increased frequencies in blast phase MPN (ie, IDH and EZH2). 97 The JAK2V617F mutation can also be lost at leukemic transformation, suggesting that it is not obligatory for disease progression. 33 Response to induction therapy and outcome in blast phase primary MF are very poor, with a median overall survival of ∼2-3 months as reported in one study. 65 Allogeneic stem cell transplantation is the only curative option for leukemic transformation and should be employed early in the process of disease acceleration, ideally before transformation to frank leukemic phase. Several studies report encouraging outcomes with allogeneic transplant in these advanced stage patients, especially using reduced intensity conditioning regimens. Overall survival rates range from 43%-90%, depending on the study and length of follow-up. 91 Patients should be referred to transplant centers with experience in transplanting these patients as prolonged myelosuppression and delayed resolution of marrow fibrosis, together with slow shrinkage of hepatosplenomegaly, can lead to substantial challenges posttransplant.
Data for other salvage therapies in the accelerated and leukemic phase are limited. A recent study of low-intensity treatment with 5-azacitidine in 54 patients with advanced primary MF and post-PV/ET MF showed an overall response rate of 52%, with 24% of patients achieving complete response; median response duration was 9 months.
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JAK2 inhibitors
The discovery of JAK2 mutations has enabled rapid clinical development for several JAK targeting agents, and more than ten JAK2 targeting inhibitors are being investigated clinically. 29, 99 Most are not specific for the mutant JAK2V617F and inhibit wild-type JAK2, as well as other kinases, possibly explaining the varying response rates and side effect profiles. 29, 99 As a general tenor, many of the inhibitors show similar response rates, and 70%-90% of patients experience improvement in constitutional diseaseassociated symptoms. Pruritus improves or resolves in 50%-90% of patients. Spleen responses are seen in around 35%-60% of patients, leukocytosis is reduced or normalized in 50%-60%, and thrombocytosis improves in .90%, especially in early-stage MPNs. 29, 99 Many JAK2 inhibitors are initially tested in advancedstage disease in primary MF and post-PE/ET MF. The JAK2 inhibitor furthest in clinical development, and recently Food and Drug Administration approved, is ruxolitinib. In a pivotal randomized phase I/II trial of 153 patients with primary MF and post-PV/ET MF treated with ruxolitinib, 71%-78% of patients experienced $50% improvement in symptoms based on the MF Symptom Assessment Form. Improvements included improved exercise capacity, decreased pruritus, weight gain, and control of counts. 100 Subsequently, ruxolitinib was compared to placebo or best available therapy in two large randomized trials. Both of the COMFORT (Controlled MF Study With Oral JAK Inhibitor Treatment) trials, COMFORT-I and COMFORT-II, were conducted in patients with primary MF or secondary MF. COMFORT-I is a randomized, double-blind, placebocontrolled phase III study with 309 intermediate-2/high-risk patients assigned to twice-daily oral ruxolitinib (15 mg or 20 mg) or placebo. The primary endpoint was a reduction in spleen volume by 35% by the end of week 24 of therapy. Patients randomized to the ruxolitinib arm were statistically more likely to attain the primary endpoint (41.9%) versus placebo (0.7%). Patients were also more likely to have symptomatic improvement in abdominal discomfort, early satiety, itching, bone or muscle pain, pain under left ribs, night sweats, and inactivity. Anemia (45.2%) and thrombocytopenia (12.9%) were the two grade 3-4 adverse events observed more frequently in comparison to placebo. 101 COMFORT-II is a randomized, open-label phase III study of ruxolitinib in comparison to best available therapy in patients with intermediate-2/high-risk primary or secondary MF. 102 The primary endpoint was evaluation of the proportion of subjects achieving .35% reduction in spleen volume from baseline to week 48. The week-48 response rate was 28.5% for ruxolitinib patients versus 0% for best available therapy. Beginning at week eight, a highly significant improvement was noted in spleen volume for patients receiving ruxolitinib. Thrombocytopenia (44.5%), anemia (40.4%), diarrhea (24.0%), and peripheral edema (21.9%) remained the most common adverse effects. Thrombocytopenia and anemia were the most common toxicity-limiting side effects. 103 A number of trials with ruxolitinib and other JAK2 inhibitors are ongoing, including combination trials.
Apart from ruxolitinib, several other JAK2 inhibitors are in preclinical or clinical development. For example, the investigational JAK2 targeting agent CYT387 led to anemia responses in ∼50% of patients, 104 while 57%-69% of patients became transfusion-independent depending on drug dose. 105 LY2784544, 106 AZD-1480, R723, 107 NS-018, 108 and BMS-911543 106 are other investigational agents with early clinical trial data. As all JAK2 inhibitors except ruxolitinib are still in clinical development, this review focused on ruxolitinib and other standard therapy options discussed above; other reviews and literature should be referred to for a more detailed description of experimental JAK2 inhibitors.
Interestingly, responses to most JAK2 inhibitors have been independent of underlying disease, ie, primary MF, post-PV/ET MF, or JAK2V617F mutation status. Withdrawal of JAK inhibitors predictably results in splenic growth, symptomatic relapse, and, at times, hemodynamic instability. With long-term safety still under investigation, patients need to be followed closely. It has been suggested that slow tapering over a 2-4-week period may mitigate a "cytokine-flare" that occurs with abrupt withdrawal.
Other experimental therapies, such as mammalian target of rapamycin or histone deacetylase inhibitors, have been investigated in small studies in PV, ET, and MF and show activity in reducing constitutional symptoms and splenomegaly and improving cytopenias. [109] [110] [111] Novel agents are being tested in MPNs and MF/primary MF, including hedgehog pathway inhibitors; however, most studies are still early and no mature results are available.
Conclusion and future perspectives
Research in and molecular understanding of PV, ET, and primary MF has rapidly increased in recent years. The discovery of the JAK2V617F mutation led to accelerated development of JAK2 inhibitors, which have shown clinical benefit in patients with primary MF and post-PV/ET MF. The development of JAK-targeted treatment options has provided new avenues for therapeutic intervention in mitigating the debilitating disease effects of primary and secondary MF. The first-in-class JAK2 inhibitor ruxolitinib has recently been approved. Other investigational JAK2 inhibitors show encouraging clinical effectiveness and demonstrable efficacy against proinflammatory cytokines. Side effect profiles vary between the various JAK2 targeting agents probably because of their slightly distinct kinase inhibitory spectrums. Several other agents and treatment modalities compete with JAK2 inhibitors. IMIDs and especially incorporation of IFN, alone or in combination, into treatment strategies for these patients early on may show benefit. The role of epigenetic targeting agents appears promising and future trials need to confirm the response rates with 5-azacytidine as well as define the role of histone deacetylase inhibitors in primary MF; the latter class of agents likely need to be used in combination. Allogeneic stem cell transplantation is the only known cure and remains a viable option for eligible patients.
As data continues to be acquired through future investigational efforts, it remains to be determined if the same benefits for morbidity are also observed in regards to reducing mortality. Despite significant advances in treatment options, many outstanding questions remain regarding optimal dosing strategies, rational combinations, length of therapy, and whether patients can be taken off therapy with continued response. It is the authors' hope that continued efforts in this field will ultimately address the many questions inherent to this new therapeutic modality.
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